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In parsley (~e~ro~eZ~~~ crrspum), phenylalanln~ ammoma-lyase (PAL) 1s encoded by 4 structurally stmtlar genes The nucleottde sequence of a 
near f~l-len~h cDNA and the deduced ammo actd sequence of PAL-4 are presented and compared with the correspondmg sequences of PAL-I, 
a prevtously desertbed representabve of the gene famtly T~nsfo~a~on of Escherzchza cob cells wrth PAL-l or PAL-4 cDNA yrelded catalyttcally 
actrve PAL, suggestmg that the catalytic center of the enzyme IS formed spontaneously rather than by a plant-spectfic mechanism 
Phenylpropanoid metabohsm, Homotetramenc enzyme, Phenylalanme ammoma-lyase cDNA, Nucleottde sequence, Ammo acid sequence, 
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1. INTRODUCTION 
Phenylalanme ammonia-lyase (PAL) is one of the 
most extensively studied enzymes in higher plants [ 1,2]. 
It catalyzes the conversion of L-phenylalanine to trans- 
cinnamic acid, the first committed step in general 
phenylpropanoid metabolism which supplies the 
phenylpropanoid precursors for numerous plant- 
specific branch pathways 121. The key reaction is the 
elimination of ammonia through the catalytic action of 
a dehydroalanine residue in the active center [l] (fig.1). 
However, despite nearly 30 years of extensive work on 
the catalytic and regulatory properties of PAL, starting 
with its first description by Koukol and Conn [3], the 
mechanism of formation of this unusual amino acid 
derivative has so far remained unknown. Dehydro- 
alanine could be formed, probably from a serine or cys- 
teine residue in the nascent or finished polypeptide 
chain [1], either spontaneously as a result of inherent 
features of the PAL protein or by a mechanism acting 
upon the enzyme. 
lyzed to various degrees [4]. Here, we first report some 
structural features of the fourth member of this gene 
family, PAL-4, and then present evidence for the for- 
mation of catalytically active, homotetrameric PAL m 
E. coli. 
2. MATERIALS AND METHODS 
2.1 PAL-I and PAL-4 cDNAs 
A cDNA library, derived from poly(A)+ RNA from ehcttor-treated 
To address thus question, we have expressed PAL 
cDNA from parsley in E. co/i’, an organism not normal- 
ly producing PAL and therefore most likely not pos- 
sessing a specific mechanism to convert the putative, in- 
active precursor to catalytically active PAL. This ap- 
proach became feasible with the recent structural eluci- 
dation of the PAL gene family in parsley [4] and the 
possibility of using PAL cDNA in transformation 
studies. PAL is encoded in parsley by a small family of 
4 genes, 3 of which (PAL-l, -2 and -3) have been ana- 
parsley (Petrosehnum crspum L.) cells 151, was screened wtth a 
genomtc UUXII fragment contarmng about 1200 bp around the tran- 
scription start site of PAL-l [4]. Fifteen positive clones were obtamed 
from 250000 recombmants, two of whtch were selected and further 
analyzed. One comprised the entue PAL codmg region, differed m se- 
quence from PAL-I, -2 and -3 [4], and was destgnated PAL-4 The 
other conststed of 780 bp which were tdentmal m sequence to parts of 
the PAL-1 exons. Its 3’-end matched the mternal EcoRI site [4], m- 
dtcatmg an incomplete protectton of thts srte durmg cDNA synthesis 
This cDNA was ligated at the 3’-end wtth the mtssmg portton ob- 
tamed from another PAL-l cDNA [4] which was mcomplete at the 
5’-end but extended to the poly(A) tail at the 3’-end. The resultmg 
cDNA comprised the entire codmg sequence and was tdenttcal m se- 
quence with the correspondmg regrons of the PAL-l gene [4] 
2 2 Expression m E cob 
The two cDNAs, PAL-I and PAL-Q, were rendered smtable for ex- 
pression by msertmg the synthetic obgonucleottde 5 ‘-TCTAGAAAT- 
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AA~G~~CT~~G~GGAGATA-3 ’ mto the unique 
SnaBl or HpaI restnctzon Me, respectwely, near the translation start 
sites After reclonmg m the expresslon vector pETJb [6] and selectlon 
m E cob HMS 174, E co11 BL21(DE3) cells were transformed with 
the recombmant plasmld for expression studies [7] 
2 3. Gel ei~trophorests and ~~~u~oblottlng 
Both methods were carried out as described previously [8] 
2 4 Nucleotrde sequence analysts 
The chain-termination method [9,10] was used to deternune nu- 
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Fig 2 Comparison of nucleotlde sequences of the PAL-l (upper hne) and PAL-4 cDNAs used for expresslon studies m E cob Translation start 
and stop codons are indicated by brackets 
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cleotide sequences in the Bluescribe Vector (Vector Cloning Systems, 
San Diego, USA). 
2.5. Enzyme assay 
PAL activity was determined spectrophotometrically [ll] or by 
HPLC analysis of the reaction product, cinnamate. For HPLC (HP 
OD-552, 5 pm; reversed phase; linear gradient from 5% solvent B in 
A to 100% B, using 5% aqueous acetic acid as solvent A and 20% 
aqueous acetic acid, containing 25% acetonitrile, as solvent B), a 
20~1 portion of the assay mixture was acidified with 1.5 ~1 85% 
aqueous phosphoric acid, cinnamic acid was extracted with 3 x 200 ~1 
ethylacetate, the solvent evaporated in a Speedvac, and the residue 
dissolved in 100 pl methanol. 
2.6. Sizing folumn 
Fractionation on Superose-6 (Pharmacia, Freiburg, FRG) was per- 
formed in 50 mM Tris-HCI, pH 8.5, 0.1 M KC1 at a flow rate of 
about 0.5 mf/min. 
3. RESULTS AND DISCUSSION 
Two PAL cDNAs with full coding length, represen- 
ting the PAL-1 and PAL-4 genes [4], were used for ex- 
pression studies in E. coii. The PAL-I cDNA was com- 
pletely identical in nucleotide sequence with the cor- 
responding portions of the previously described PAL-l 
gene [4]. This sequence is compared in fig.2 with that of 
the new PAL-4 cDNA. The overall similarity is 79070 at 
the nucleotide and 95% at the deduced amino acid 
levels. However, the areas with sequence deviations are 
unevenly distributed. Relatively high degrees of mis- 
matching occur near the 5 ‘- and 3 ‘-ends, whereas the in- 
ner parts of the coding sequences are highly conserved. 
So far, nucleotide and amino acid sequences of 
PAL-2 and PAL-3 have been established only for the 3 ’ 
halves of incomplete cDNAs [4]. In this region, the 
degree of similarity is about the same for any combina- 
tion of two of the 4 PAL genes. The deduced PAL-4 
protein has an Mr = 77 339 and comprises 712 amino 
acids, as compared with Mr = 77722 and 716 amino 
acids for PAL-l [4]. 
The two available, near full-length PAL-l and 
PAL-4 cDNAs were inserted in the vector pET3b and 
expressed in E. coli. Since the rate of expression was 
higher for PAL-l than PAL-4, the following presenta- 
tion of results focusses mainly on the production and 
some properties of the PAL-l protein. An expression 
system was chosen which was expected to yield high 
levels of product following induction with IPTG 171. 
Fig.3A and C shows, on denaturing SDS-polyacryl- 
amide gels, the patterns of total Coomassie blue stain- 
able proteins isolated from E’. coli cells that had been 
transformed either with the vector alone or with vector 
containing the PAL-l cDNA @. coZiPALml). In the latter 
case, a single new protein of Mr - 77000 appeared 
which strongly reacted with a rabbit antiserum raised 
against parsley PAL (fig.3B and D). This protein was 
present in similar amounts in both IPTG-treated and 
untreated cells. Its cellular concentration did not 
change with time from 30 to 150 min after addition of 
A 
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Fig.3. Analysis of protein extracts from untreated (-) and 2.5-h 
IPTG-treated (+) E. coli cells. The cells had been transformed either 
with the ~rnodi~~ vector PET-Jb (A, B) or with vector containing 
PAL-l cDNA (C, D). Protein (approx. 40 pg/lane) was identified by 
staining with Coomassie blue (A, C) or immunoblotting with an anti- 
serum specific for parsley PAL (B, D). Arrowhead = PAL. 
IPTG and was low if compared with that of a different 
plant protein [12] expressed in the same system in a 
parallel experiment. The putative PAL protein from E. 
cofiPAL-’ cells had the same electrophoretic mobility on 
an SDS-polyacylamide gel as authentic PAL from 
parsley cells, as tested separately by immunoblotting. 
The occurrence of a considerable amount of PAL 
protein in untreated E. coliPALml cells was surprising. 
One possible reason could be a high stability of the pro- 
tein in the bacterial cells. The protein may thus accumu- 
late to a certain extent, despite its low rate of uninduced 
synthesis, as a consequence of its slow degradation. The 
apparent lack of induction by IPTG is probably not due 
to a defect in the expression system, because we ob- 
served an immediate cessation of growth after the ap- 
plication of IPTG. The following results rather suggest 
that the expressed protein is catalytically active and may 
prevent its own production by depletion of the intra- 
cellular phenylal~ine pool. In addition, the product, 
cinnamate, may be toxic for the cells. 
Crude protein extracts from E. coliPALel, but not 
from untransformed E. coli cells, showed PAL activity. 
This was demonstrated by both the standard optical test 
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measuring the increase in absorbance at 290 nm [ 1 l] 
and the direct identification of cinnamate as the reac- 
tion product by HPLC. In agreement with fig.3, no ap- 
preciable difference in PAL activity was found m 
IPTG-treated and untreated cells. 
Essentially the same results were obtained with E. 
cokPAL4 cells (transformed in several independent ex- 
periments with the vector containing PAL-4 cDNA), 
except that the amounts of PAL protein and PAL ac- 
tivity were considerably lower. The specific activity in 
crude extracts was about 9OOpkat/kg for PAL-l and 
30 pkat/kg for PAL-4 from E. coli cells, as compared 
with 100 pkat/kg for PAL from elicitor-stimulated 
parsley cells [ 131. The reason for this differential behav- 
ior of E. coliPALml and E. coliPAL4 is unknown. 
The PAL activity from E. colzPAL-’ was enriched 
about 50-fold from a cleared lysate by anion exchange 
chromatography on DEAE-cellulose and monoQ 
(FPLC). Similar to PAL from parsley [ 11,141, the puri- 
fied enzyme was not very stable, and the purification 
procedure will have to be improved for more detailed 
studies of the protein. However, one purpose of this in- 
vestigation was to find out whether PAL-l forms 
homooligomeric aggregates and this was achieved by 
passing the partially purified enzyme through a sizing 
column of Superosed (fig.4). Using appropriate 
marker proteins for calibration, we estimated an ap- 
parent M, - 300000 for the eluted enzyme. This in- 
dicates that the catalytically active PAL-l from E. 
colz PAL-1 is a homotetrameric protein, in agreement 
with the tetrameric nature of purified PAL from 
various plant sources, including parsley [ 1,111. 
In summary, we have demonstrated the production 
of catalytically active PAL in transformed bacteria and 
conclude from our results: (a) that formation of the ac- 
tive center of PAL does not require an additional, 
plant-specific mechanism, but is probably a spon- 
taneous event; and (b) that PAL subunits readily form 
a homotetrameric enzyme, thus excluding the possibili- 
ty that multiple gene copies in plants [4,15] are required 
for the formation of the quarternary enzyme structure. 
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